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1. INTRODUCTION
1. 1 Clay Minerals
Clay minerals have catalytic properties for photochemical reactions.
These properties efficiently help to promote photoinduced electron transfer
reactions that do not occur in homogeneous solution.Photodechlorination of
pentachlorobenzene in organo-clay may reveal interesting mechanistic pathways
and provide the basis for the design of new procedures for toxic waste disposal.
Clay minerals are aluminosilicates with unique structural features.1-2 The
fundamental structural units of clay minerals are silica tetrahedra and alumina
octahedra, that is, Si (IV) atoms surrounded by four oxygen atoms and Al (III)
atoms surrounded by six oxygen (or hydroxyl) groups.3 The Si-tetrahedraare
linked to form two-dimensional sheets, referred to as tetrahedral sheets.
Similarly, the Al-octahedra are linked to form two-dimensional octahedral sheets.
Two or three of these sheets are in turn fused together to forma layer, repeating
units of which form the clay mineral itself.
Clay minerals are classified according to the number of tetrahedral and
octahedral sheets in a layer. Three of the most common classes of clay minerals
are smectites, illites, and kaolinites. Smectites are clay minerals that contain two
Si-sheets and an Al-sheet in a tetrahedral-octahedral-tetrahedralarrangement.
The mineral expands to admit water or ions between the layers. Thus, smectites
are known as 2:1 expanding clay. Examples of smectites include montmorillonite
and hectorite. Montmorillonite is the clay mineral that is the focus of thisstudy.
A schematic structure of montmorillonite is presented in Figure 1.2
Illites are 2:1 non-expanding clay minerals. The layers are composed of
Si-Al-Si sheets, but do not expand to admit solvent or solute molecules. Biotite
mica is an example of an illite.Kaolinites are 1:1 non-expanding clay minerals,
with repeating layers formed from Si-Al sheets.
The aluminum and silicon atoms can be replaced by other atoms; this
replacement is called isomorphous substitution.The Si (IV) atoms in the
tetrahedral sheet are sometimes replaced by Al (III) atoms, and Al (III) in the
octahedral sheet may be replaced by Mg (II).Substitution by ions of lower
valency results in a negative charge on the layers.This negative charge is
compensated by the exchangeable cations such as Na+, Ca2+, and Mg2+
located on the surfaces of the platelets. These exchangeable cationscan be
exchanged with other ions, such as quaternary ammonium ions to forman
organo-clay.
exchangeable cations
water layers Key:
O Oxygen;
QO Hydroxyl;
O Aluminium;
Silicon;
Magnesium,Iron;
Figure 1: Structure of a montmorillonite layer (reproduced from B. K. G. Theng)23
The capacity of a clay mineral to exchange cations is known as the cation
exchange capacity (CEC). The CEC is usually expressed in milliequivalents per
100 g of dry clay, or equivalently, centimoles per kg of dry clay.
1.2 Micelles
Surfactant (surface =Km agent) molecules consist of both a polar group
and a nonpolar hydrocarbon chain group. In aqueous solutions the polar portion
of the surfactant is hydrophilic and the nonpolar hydrocarbon chain is
hydrophobic; thus, the molecule is amphiphilic.Owing to the amphiphilic
characteristics of surfactants, they are able to form aggregates knownas
micelles.
The micelles are present in solution at concentrations of surfactant greater
than the critical micelle concentration (CMC). Below the CMC, the micellesare
absent. Three CMC values for surfactants are presented in Table 1.4
Table 1. CMC of Three Surfactants at Room Temperature.
Surfactant CMC (M)
DeTAB (Decyltrimethylammonium bromide) 6.5 x 10-2
TTAB (Tetradecyltrimethylammonium bromide) 3.6 x 10-3
CTAB (Hexadecyltrimethylammonium bromide) 9.2x10-44
Although there are several proposed models for micelles formed from ionic
surfactants, the simplest and the most popular model is the Hartley model (Figure
2).5 The micellar core consists of the nonpolar hydrocarbon chain.The Stern
layer is a compact region which contains the detergent headgroups and
counterions, while the Gouy-Chapman layer contains the unbound counterions.
NMR spin lattice relaxation time measurements6 suggest the structure of micelles
of CTAB that is shown in Figure 3.
Aqueous
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0= head groups
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Figure 2. Conventional representation of a micelle5
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Figure 3.Structure proposed for CTAB Micelles (after L. G. lonescu et al ).6
(a) Rigid center consisting of the terminal -CH3 groups.
(b) Fluid region consisting of most of the -CH2- groups.
(c) Rigid surface consisting of the N-methyl groups and bromide
counterions.
1.3 Organo Clay
Due to isomorphous substitution as discussed earlier, clays have a
permanent negative charge on their structural framework. This positive charge
deficiency is balanced by sorption of an equivalent amount of cations. Very early
work2 demonstrated that cationic organic molecules, e.g., alkylammonium
cations, may be exchanged into the interlayer region. Such molecules give rise
to the so-called organo-clays.7,8 These organic additives form layers of organic
material on clay surfaces so that nonionic organic molecules, such as
pentachlorobenzene, are readily adsorbed.6
The alkylammonium cations adsorbed between the platelets cause an
increase in the basal spacing of the montmorillonite complexes. Jordan
measured the basal spacing of the montmorillonite complexes with primarily n-
alkylammonium ions of varying chain lengths (Figure 4). He observed that from
C-3 to C-10 the basal spacings were a constant.Beyond C-10 the spacing
increased at C-12 with a plateau C-12-C-18. These observations were explained
in terms of the formation of single and double layer complexes depending on
alkyl chain numbers and degree of isomorphous substitution.
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Figure 4.. Basal spacing of montmorillonite (reproduced from B. K. G. Theng)27
1.4 Photodechlorination of Polychlorobenzene in Solution.
The photochemistry of polychlorobenzenes has been widely investigated
since it makes a useful model for polyhaloarene pollutants. Many studies have
been performed on the dechlorination processes of these compounds. These
include the direct photolysis of polychloroarenes,10,11 the effect of introducing
semiconductors such as titanium dioxide,12,13 irradiation of polyhaloarenes in the
presence of aliphatic amines such as triethylamine,1 4-1 9or sodium
borohydride, 20,21 and photosensitized dechlorinations by electron transfer from
excited aromatic amines such as dimethylaniline.22,23
The proposed mechanism of photodechlorination of pentachlorobenzene
in the absence and presence of electron donor is described in Scheme 1, and
Scheme 11.11,17,21 The individualsteps will be discussed.
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Homolytic cleavage of the C-CI bond can occur in any excited singlet state
molecule that has sufficient energy to break an aryl carbon-chlorine bond.
ArCI
hv
[ArCl] 1 +CI- Products
On the basis of quantum yield studies, however, in which the efficiency of
intersystem crossing to the triplet state is high (0.4 - 1.0),24Bunce et al.
concluded that the dechlorination of chloroarene arises from the triplet state not
the singlet state.
In order to confirm the involvement of the triplet state, Freeman et al.18
used butyrophenone as a triplet sensitizer. The irradiation of butyrophenone and
pentachlorobenzene at 350 nm led to the formation of the three isomeric
tetrachlorobenzenes. This result suggests that the photodechlorination might
occur via the triplet state of pentachlorobenzene generated by energy transfer
from the butyrophenone triplet, since only the sensitizer, butyrophenone, can
absorb the incident light at this wavelength.189
Problematically, the triplet excitation energies of polychlorobenzenes (78-
80 Kcal /mol)25 are lower than the C-CI bond dissociation energy (85-95
Kcal/mol.).26Homolysis of a triplet excited state could occur, however, if
contributions from temperature27 (about 50 °C) and strain relief energy (2.2
Kcal/mol per ortho CI-CI interaction)28 could be added to the triplet energy.
Another suggestion to explain C-CI bond homolysis involves the formation
of an excimer (complex of excited state polychlorobenzene with ground state of
polychlorobenzene) or exciplex (complex of excited state polychlorobenzene with
another electron donor).Either can be represented as an interaction with
species A with a rate constant of kct (see Scheme II).
Exciplex can produce the arene radical anion. The radical anion formed
can eject chlorine by one of two possible pathways:(a) formation of an aryl
radical and chloride ion or (b) formation of an aryl carbanion and chlorine atom
(Scheme Ill).
CI (a)
Scheme III
+ CI
+ CI10
Based upon the correlation of results from negative chemical ionization
mass spectroscopy of polychlorobenzenes with substituent parameters, Freeman
et al.17 concluded that the chloride ion loss (pathway a) is the favored process.
The origin of the hydrogen atom which replaces the chlorine atom has
been studied. Based on the deuterium labeling studies, Bunce29 proposed three
pathways: (a) hydrogen transfer from solvent after fragmentation,(b) protonation
by the solvent, and (c) hydrogen abstraction from TEA (Scheme IV).
ArCIR3N*4-
ArCl
(a) (b)11+
Ar ArCIH
SH
ArH ArH
Scheme IV
(c)
ArH + CH3CHNEt2 + Cl .
Inthecaseofmicellesofsurfactants(suchas
hexadecyltrimethylammonium bromide (CTAB)) containing pentachlorobenzene
radical anion, the question of the position of hydrogen abstraction from the
detergent backbone arises.Several studies30,31 have been attempted to
investigate the positions of hydrogen abstraction from the cationic surfactants.11
For example, the triplet of 4-benzoylbenzoate anion in CTAB solutions below
CMC shows highly selective hydrogen abstraction at C-2 of CTAB32 (Figure 5).
Above the CMC, the selectivity for C-2 is decreased while that for C-4 to C-12 of
the hydrocarbon chain is increased.
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Figure 5. Position of hydrogen abstraction (reproduced from N. J. Turro et al)32
1. 5 Photochemistry on Surface of Clay.
In most surface photochemical experiments carried out so far, pyrene has
been used as a probe molecule. This is due to its long fluorescence lifetime, its
ability to form excimers, and its spectroscopic sensistivity to the polarity of its
environment.33 The effects of addition of surfactant on the fluorescence yield of
4-(1-pyrenyl)butyltrimethylammonium bromide (PN+) absorbed on colloidal
montmorillonite particles are shown in Figure 6.3412
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Figure 6. Effect of CTAB on emission intensity (after J. K. Thomas)34
In the emission spectrum of PN+ in the absence of surfactant there is a
large amount of PN+ excimer present due to the clustering together of PN+
molecules on the surfaces. The addition of CTAB leads to an increase in the
monomer emission and a decrease in the yield of excimer emission, as well as
decrease in the degree of polarization. This is because the first addition of CTAB
causes dispersion of PN+ into monomer units around the clay surfaces and not
into solution.With a further increase of CTAB concentration, the monomer
intensity is increased. This indicates that the carbon chain of CTAB decreases
the interaction and subsequent quenching of PN+ by the clay surfaces. Also, it
was reported that the montmorillonite surface is capable of quenching the excited
triplet state of the molecule. 3513
The fluorescence emission spectrum of 4-chlorobiphenyl adsorbedon
silica gel is compared with that in solution (Figure 7).36 From these spectra, it is
seen that there is a large amount of exciplex formation in the solution.However,
the formation of exciplex is not favorable for chlorobiphenyl adsorbed on silica
gel.This suggests that the mobility of the molecules is greatly reduced when
they are adsorbed on a solid surface which makes the formation of charge
transfer complexes less favorable.
4-chlorobiphenyl in solution
300 350 400 450 500
WAVELENGTH ( mp)
4-chlorobiphenyl adsorbed on silica gel
---
300 350 400 450
WAVELENGTH( rnp)
500
---- with triethylamine
without triethylamine
Figure 7. Fluorescence spectra of a 4-chlorobiphenyl in cyclohexane
solution and adsorbed on silica gel (a slurry of cyclohexane-silica gel)3614
The photodechlorinationof 4-chlorobiphenyl (CBP) and 4,4'-
dichlorobiphenyl (DCBP) adsorbed on activated silica-alumina has been carried
out.37 For inactivated silica-alumina, the irradiation of CBP and DCBP at room
temperature with UV light does not produce any radical cation.For activated
silica-alumina, the formation of CBP and DCBP radical cations by electron-
transfer processes on the surfaces of silica-alumina is detected by ESR
measurements. Introducing persulfate ion (S20821, a strong electron acceptor,
increases the chemical yield of radical cations. The increasing reactivity of aryl
halide in the presence of S2082- results from the formation of SO4-- radical, a
strong oxidant. Then, SO4- reacts with CBP to transfer an electron resulting in
CBP -4- (Scheme V).
S2082- + e so42- + SO4.
SO4* + CBP S042- +CBP-1:
Scheme V15
2. RESULTS AND DISCUSSION
2. 1 Determination of Cation Exchange Capacity (CEC)
In principle, the ion exchange capacity of a clay is related to the degree
of isomorphous substitution. Thus, it should be a fundamental constant for a
particular clay sample. However, in practice, the experimentally determined
values of CEC vary with the method of CEC determination. Therefore, a short
study was carried out to check the method of CEC determination used in this
laboratory against other methods.38-40 CEC's of several reference clays were
determined and compared to published values,41-43 as shown in Table 2.
In most common methods of CEC determinations the various cations on
the clay surface are replaced by a single cation, and the total amount of that
cation is then determined after washing and isolating the clay.In this work, the
clay was saturated with an excess of ammonium acetate solution, and the
ammonium saturated clay was washed with alcohol. An alcohol solution was
used since prolonged washing with water tends to displace ammonium ions
and replace them with hydrogen ions.43 Then, the ammonium ions were
desorbed and determined by means of the ammonia electrode.The ion
exchange capacities of five clays determined by this method are shown in Table
2.
As discussed earlier, montmorillonite and hectorite are 2:1 expanding
clays. This property causes these clays to have large cation exchange capacity
(40-133 cmol/kg of clay in Table 2). On the other hand, kaolinite is a 1:1 layeredTable 2. Comparison of Results of Cation Exchange Capacity Determinations of FiveClays.
Code Name This experiment1 ClemencyWorthington Granquist Mean CEC2
(cmol/kg) (cmol/kg) (cmol/kg) (cmol/kg) (cmol/kg)
SHCa-1 Hectorite 40.2 ± 0.8 40 46 45.6 43
KGa-1 Kaolinite 1.8 ± 0.1 1.7 1.9 2.4 1.9
SAz-1 Montmorillonite 132.7 ± 2.0 129 112 125
Korthix H Bentonite 84.8 ± 0.4 803
K 10 Montmorillonite 45.4 ± 0.4
1
2
3
Average of three runs.
Mean CEC calculated from the average of four results.
Utilizing a value supplied by the laboratopies of Dry Branch Kaolin Company.
CEC expressed in cmol/kg of dry clay.
Dry clay prepared by drying 2 hours at 105° C.
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clay.The nonexpanding lattice structure prevents the exchange of cations
which results in very small cation exchange capacity (1.7-2.4 cmol/kg of clay).
Values of CEC for some of the clays have been reported by others,as
shown in Table 2. Clemency41 used the ammonium acetate exchange method
with an ammonia electrode.Duplicate runs were employed and the mean is
reported in Table 2. Worthington42 equilibrated the clay with BaCl2 in a dialysis
bag.Exchangeable barium was determined by conductometric titration with
magnesium sulfate. Determinations were made in duplicate. Granquist43 used
the ammonium acetate exchange method with Kjeldahl determination of
ammonium on the washed clay. A single determination was done.
The mean CEC's (Table 2) were calculated from the four different results:
this experiment, Clemency, Worthington, and Granquist. The value reported as
"mean" for bentonite (Korthix H) was determined by the laboratories of Dry
Branch Kaolin Company (New Jersey). The values found from the four methods
are relatively close together.The results reported by Clemency, who also
utilized an ammonia electrode method, are very close to the values obtained in
these experiments.
All the values are within 10% of mean. Thus, we have confidence in the
value reported for montmorillonite K 10.18
2. 2Photodechlorination of Pentachlorobenzene in Hexadecyl-
trimethylammonium-Montmorillonite
In contrast to reactive surfaces, such as TiO2 and CdS, whichcan
participate in photochemical reactions by absorbing a photon and transferring
charge to an adsorbed molecule,33,44-53 nonreactive surfaces, clay and silica-
alumina, may play a role in assisting intermolecular reactions, such as electron
transfer between two adsorbed molecules. The cationic surfactants, suchas
hexadecyltrimethylammonium ions tend to aggregate on the clay surfaces and
hence produce a more hydrophobic microenviroment. These hydrophobically
modified clays have been shown to be hosts for pentachlorobenzene.
CI
CI
The following depicts the overall chemistry of this study.
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The coated clay was prepared by mixing the appropriate amount of
CTAB with montmorillonite clay in H2O. The mixtures were then shaken for 30
minutes and taken through three centrifugation, washing, and decanting cycles.
Pentachlorobenzene can now be dissolved in the hydrophobically modified
clay surfaces. Photolysis of these mixtures gives the three isomeric
tetrachlorobenzene (TCB) products 2, 3, and 4. The ratios of photoproducts
are monitored by GC analysis. This procedure was repeated with a known
concentration of the three TCB isomers (33% of each) without photolysis of the
sample in order to check the effect of the clay surface and the extraction
procedure on the TCB composition. The GC analysis showed almost the same
ratios (2:3:4 = 33.2% ± 1.,31.7% ± 0.9, 35.1% ± 0.6) of the three TCB isomers.
2. 2. 1Photolysis of Pentachlorobenzene with Increasing Amount
of CTAB
Pentachlorobenzene was irradiated in aqueous CTAB-montmorillonite
suspension with varying amounts of CTAB (Table 3). The combined yield of the
three TCB isomer products increased with increasing amounts of CTAB up to
0.0069 M of CTAB (Table 3 and Figure 8).The yield increase results from
increasing opportunity for absortion of pentachlorobenzene into hydrophobic
layer of CTAB. Above this concentration range, the product yields seem not to
depend on the concentration of CTAB.
Figure 9 illustrates the simple model which can explain this result.At
very low concentration of CTAB (region a), most of the pentachlorobenzene
remains undissolved as a particulate suspension in the aqueous phase which
leads to low TCB product yields. As the CTAB begins to modify the clayTable 3. Product Distributions with clay and Different Mass of CTAB
ArCI [M] Clay (g) CTAB `)/0 Yield
Percentage Ratio of Products a
2 3 4
0.0067 1 0.0000 0.08 ± 0.01 81.8 ± 1.0 9.7 ± 0.3 8.1 ± 1.0
0.0067 1 0.0046 0.09 ± 0.01 80.4 ± 1.4 13.6 ± 1.7 5.9 ± 0.6
0.0067 1 0.0069 0.35 ± 0.02 77.6 ± 0.9 15.9 ± 0.5 6.5 ± 0.4
0.0067 1 0.0091 0.36 ± 0.01 68.5 ± 0.6 25.4 ± 0.3 6.1 ± 0.5
0.0067 1 0.0114 0.36 ± 0.07 71.0± 0.2 23.5 ± 0.4 5.5 ± 0.1
0.0067 1 0.0146 0.39 ± 0.01 65.5 ± 0.2 28.2 ± 0.2 6.3 ± 0.2
a average of three runs with standard deviation.100
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surfaces, the pentachlorobenzene is partitioned between theaqueous and
hydrophobic microenvironments (region b).In this region, the total yield of TCB
is dependent on CTAB concentration. At some critical CTAB concentration,the
clay surfaces become significantly modified such that all of theadded
pentachlorobenzene is soluble in the hydrophobic layers. At this point, thetotal
yields are not improved on adding additional CTAB (region c). Thisexplanation
is based on the expected microphase changesas increasing amounts of
surfactant are added to an aqueous clay suspension. Thisdescription is
analogous to the accepted behavior of adding increasingamounts of a
surfactant to water.At some critical micelle concentration (CMC), the bulk
properties of the system change as the surfactants aggregate to formmicelles.
The regiochemistry of photodechlorination of pentachlorobenzene1 in
aqueous CTAB-clay without TEA was expected to show tetrachlorobenzenesto
be present in a similar ratio to that observed in acetonitrile.Direct irradiation of
1 in acetonitrile without TEA gave a similar ratio, but still different(2;3;4 = 50.1
%, 37.3 %, 12.6 %).
As part of an explanation of this unexpected result,the product
distributions of photodechlorination of 1 under various conditionsare presented
in Table 4. A comparison of the regiochemistries in theabsence and presence
of electron donors may provide a probe for determiningthe nature of the
product determining intermediate species.
The entry 1in Table 4 shows photolysis of pentachlorobenzene1 in
acetonitrile in the absence of TEA. This photolysisproduces mainly 1,2,3,5-
tetrachlorobenzene(TCB)2, along with1,2,4,5-TCB 3,and1,2,3,4,-TCB4.17,18
This occurs through three pathways: fission of singlet(k1), fission of triplet (kt),Table 4.Relative Ratios of Products from the Photolysis of Pentachlorobenzene 1 in various Media
Conditions Percentage Ratio of Products
hv CH3CN
hv, CH3CN, TEA
THF, LiDBB (-680 C)
hv, CH3CN, NaBH4
hv,H20, CTA-Clay
hv,H20, CTA-Clay, TEA
2 (%) 3 (%) 4 (%)
50.1 37.3 12.6
25.4 66.2 8.5
3.4 95.7 0.9
48.8 43.9 15.3
65.6 28.2 6.3
53.5 38.3 8.225
and fragmentation via the triplet excimer (kp) (Scheme 1). The fission of triplet
and fragmentation via the triplet excimer are major pathways to give product.
Fission of singlet is a minor process leading to only 2-6 % of product. However,
in the presence of TEA (entry 2), irradiation at 254 nm gives a different order of
regiochemistry of the three product isomers. Now 1,2,4,5-TCB 3 is formed as
the major product. This result is due to the reaction of the radical anion of 1
generated through the electron transfer from TEA to an excited state of
pentachlorobenzene.Entry 3 shows the nonphotochemical generation of a
pentachlorobenzene radical anion by use of p, p'-di-tert-butylbiphenylide (DBB)
as an electron donor.18 Treatment of DBB with Li followed by addition of 1 in
THE at -680C gives mostly 1,2,3,5-TCB 3 as product (95.7%). This represents
an extreme example of dechlorination through the radical anion of 1.
In the presence of another electron donor, NaBH4, irradiation of 1 gives
the three isomeric products (entry 4). Unlike the reversal in regiochemistry
between 2 and 3 observed with TEA, isomer 2 is still the major product and the
product distribution is similar to that observed in the absence of TEA (entry 1).
Freeman et a1.18,21 have explained this observation by suggesting that the
radical anion-radical complex 5 decomposes to form an aryl radical anda
tetrahydroboron radical as a caged radical pair 7,54,55 rather than forminga
free chioroarene radical anion 6 (Scheme VI). Cage effects in photoreactions
are commonly observed in micelles and on solid surfaces.,56 -60NaBH4 kf(fragmentation)
[ArCI]*3 [ ArCr BH4' ] 0.-[ CI Ar BH 4" ] ArH
5 caged radical pair 7
kdiff
6
ArH
Scheme VI
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By using these concepts, a possible mechanism for photodechlorination
of 1in aqueous CTAB-clay without TEA is proposed (Scheme VII). Triplet
(ArCI*3) arises from singlet (ArCI*1) by virtue of an intersystem crossing process.
This is followed by reaction with a ground state molecule of chloroarene and
results in formation of the excimer 8. There are two possible pathways for the
formation of products from radical ion pair 9.First, it may dissociate and diffuse
apart giving rise to a free radical anion 10. Alternatively, the radical ion pair 9
may undergo fragmentation within a cage to give caged radical ion pair 11.
However, the cage fragmentation of the radical ion pair 9 must be the
predominent pathway since the regiochemistry leads to 2 as the major product
(Table 6).27
hv
ArCI [ ArCI ] *1 [ ArCI ] *3
/
[ ArC1Ara]
ArCI
eximer 8
1
kct
kditt
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y
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Products
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1
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Scheme VII28
If forming a free radical anion 10 were favored over formation of 11,the
regiochemistry would lead to 3 as the major product.Moreover, the higher
viscosity found in a micellar core61 should inhibit the diffusion apart of radical
ion pair 9 to give 10. Table 5 shows high microviscosity of micellar interiors of
CTAB compared to the viscosity of homogeneous solution. There is alsono
comparable driving force due to solvation as exists in acetonitrile. Once the aryl
radical in 11 escapes away from the cage, it gives mainly product 2 through
hydrogen abstraction from the hydrocarbon chain of CTAB (Scheme VII).
Table 5. Viscosity of hexadecane62 and microviscosity of micellar of CTAB61
Viscosity, rl (cp) Microviscosity of micellar interiors
Hexadecane 3.34 at 20 OC
0.403 at 50 OC
CTAB 17 at 27 °Ca
22 at 30 oCb
34 at 24 °Cc
aM. Shinitzky, Isr. J. Chem., 1974, 12, 879.
bN. J. Turro, M. Aikawa, and A. Yekta, J. Am. Chem. Soc., 1979, 101, 772.
cD. Bendedonch, S. H. Chen, and W. C. Kochler, J. Phys. Chem., 1983, 87,
15329
2. 2. 2. Photolysis of Pentachlorobenzene with IncreasingAmounts
of CTAB and TEA.
Pentachlorobenzene in aqueous CTAB-montmorillonitesuspensions
with various equal concentrations of CTAB and triethylamine(TEA) were
irradiated by a sun lamp (Table 6). Above 0.0069 M CTAB inFigure 10, the
product yield vs CTAB without TEA showsa plateau, but in this region, the
product yield with TEA continues to increase with TEA concentration.Clearly,
the electron donor, TEA, plays a part in enhancing photodecomposition.
As for the regiochemistry of this experiment, photolysis of 1 inacetonitrile
with TEA gave 1,2,4,5-tetrachlorobenzene 3as the major product.11,18,21
Table 6 shows the regiochemistry in CTAB-clay with TEA isnot reversed and
gives product 2 as the major component. This is also explained interms of the
caged effect in the organo-clay and is consistent with the resultas seen in
previous experiment.With increasing amounts of CTAB and TEA, the
proportion of product 2 decreased and product 3 increased, but the orderof
abundance of the products was not changed (Figure 11).
Scheme VIII shows a proposed mechanism for dechlorination of
pentachlorobenzene in the presence of TEA based on the distribution of the
three TCB products. This proposed mechanism is basically thesame as the
mechanism postulated for reaction in the absence of TEA (Scheme VII). The
fragmentation of a radical ion pair 12 within a cage is favoredover the diffusion
of 12 to form free radical ion 13 since the irradiation of 1 led to 2as the major
product.Then, the aryl radical in 14 undergoes reaction to the products
through cage escape and hydrogen abstraction.Table 6. Product Distributions with Clay and Different Mass of CTAB in Increasing TEA
ArCI [M] Clay (g) CTAB [M] TEA [M] % Yield
Percentage Ratio of Products a
2 3 4
0.0067 1 0.0000 0.0046 0.08 ± 0.01 77.0 ± 1.7 9.9 ± 0.7 13.1 ± 1.0
0.0067 1 0.0046 0.0046 0.24 ± 0.01 63.4 ± 1.8 27.6 ± 1.2 10.3 ± 1.4
0.0067 1 0.0069 0.0069 0.47 ± 0.02 61.2 ± 0.5 32.5 ± 0.4 6.3 ± 0.1
0.0067 1 0.0091 0.0091 1.01 ± 0.02 56.8 ± 0.1 34.7 ± 0.0 8.5 ± 0.1
0.0067 1 0.0114 0.0114 1.54 ± 0.02 54.2 ± 0.2 37.5 ± 0.1 8.3 ± 0.2
0.0067 1 0.0146 0.0146 1.64 ± 0.02 53.5 ± 0.1 38.3 ± 0.1 8.1 ± 0.1
a average of three runs with standard deviation.31
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2.2.3Photolysis with Increasing the Amounts of TEA
In order to investigate whether the TEA concentration affects the
regiochemistry of dechlorination, photolysis of pentachlorobenzene was carried
out with various amounts of TEA at constant ArCI, clay, and CTAB (Table 7,
Figure 12).
Figure 12 shows that the distribution of three products was not
significantly changed with increasing concentration of TEA. It does change
regiochemistry but not in this range. The TEA contributes to increasing total
tetrachlorobenzene yield (Figure 13), reinforcing the results in section 2.2.2, but
surprisingly, does not affect the regiochemistry within this range.
A plot of 1/yield versus 1/(TEA) is very similar to plots of the reciprocal
quantum yield versus 1/(TEA) in homogeneous solution in which electron
transfer from TEA competes with excimer and direct fission from triplet (Figure
14).It appears that 3 will not become dominant in contrast to expectation. Thus,
a solvent separated ion pair, (e. g., ArCI- II +NEt3), is most likely not the product
determining intermediate.
2.3Photodechlorination of Pentachlorobenzene in TMA-
Montmorillonite
The photolysis of pentachlorobenzene inthe short quaternary
ammonium organic cation, tetramethyl ammonium (TMA)-clay, has been
studied. The aim of this study is to investigate the regiochemistry resulting from
thetwosorptionmechanisms,adsorptionandabsorption,of
pentachlorobenzene onto clay surfaces when the TEA is used. The absorptionTable 7. Product Distributions due to Different Concentrations of TEA at Constant ArCI,CTAB, and Clay
ArCI [M] Clay (g) CTAB [M] TEA [M] % Yield
Percentage Ratio of Products a
2 3 4
0.0067 1 0.0114 0.0014 0.54 ± 0.03 52.7 ± 0.2 42.0 ± 0.1 5.4 ± 0.1
0.0067 1 0.0114 0.0028 0.75 ± 0.00 51.3 ± 0.2 43.4 ± 0.2 5.2 ± 0.1
0.0067 1 0.0114 0.0042 0.97 ± 0.00 52.0 ± 0.1 42.8 ± 0.2 5.3 ± 0.1
0.0067 1 0.0114 0.0056 1.29 ± 0.01 51.2 ± 0.1 43.0 ± 0.1 5.9 ± 0.1
0.0067 1 0.0114 0.0070 2.42 ± 0.09 51.2 ± 0.1 42.1 ± 0.1 6.6 ± 0.1
a average of three runs with standard deviation36
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Figure 14Plot of 1/yield of photodechiorination of PCB 1 versus 1/TEA39
of pentachlorobenzene takes place in the tails of the hydrocarbon surfactant
when larger quaternary ammonium organic cations are employed. Table 8
illustrates TCB yield and regioisomer distributions in the absence and presence
of TEA. Both without TEA (entry 1, 2, and 3) and with TEA (entry 4 through 7),
the TCB yields were lower than the yield in CTAB. Clearly the absorption of
pentachlorobenzene in the long tails of CTAB is an important factor in
enhancing the photohydrodechiorination reaction in the absence and presence
of TEA. Drawing both pentachlorobenzene and TEA into solution in the
hydrocarbontailisofkeyimportance.Itisalsotruethatin
tetramethylammonium clay, even for those processes which successfully
generate a radical pair, the probability for hydrogen transfer is reduced.
The regiochemistry of dechlorination in TMA-clay has the same trend of
the major product as in the previous CTA-clay experiment with 2 as the major
product. However, the ratio of minor products 1, 2, 4, 5- TCB (3) to 1, 2, 3, 4-
TCB (4) is significantly different from the CTAB experiments both with TEA and
without TEA. The percentage of 4 is now greater than that of 3. This suggests
different product determining intermediates in TMA-clay and CTA-clay.
Scheme 1X proposes that the product determining intermediate might be
an ion triple in TMA-clay and a separated ion in CTA-clay due to differences in
chain length.Table 8. Tetrachlorobenzene Regioisomer Distribution from Irradiation of Pentachlorobenzene in
TMA-Clay in the Absence and Presence of TEA
ArCI [M]Clay (g)TMAB [M]TEA [M] % Yield
Percentage Ratio of Products a
2 3 4
0.0067 1 0.00430.0000 0.07 ± 0.01 74.9 ± 1.5 3.2 ± 0.4 22.0 ± 1.8
0.0067 1 0.00870.0000 0.07 ± 0.00 76.3 ± 0.4 1.9 ± 0.5 21.9 ± 0.2
0.0067 1 0.01300.0000 0.07 ± 0.01 76.8 ± 0.6 3.5± 0.4 19.7 ± 1.0
0.0067 1 0.01300.0028 0.07 ± 0.01 63.4 ± 2.3 5.8 ± 0.7 30.8 ± 1.6
0.0067 1 0.01300.0042 0.07 ± 0.01 65.8 ± 0.4 9.5 ± 0.8 24.7 ± 0.5
0.0067 1 0.01300.0056 0.08 ± 0.01 62.1 ± 2.2 8.4 ± 0.4 29.6 ± 2.0
0.0067 1 0.01300.0070 0.08 ± 0.00 63.5 ± 0.4 9.1 ± 0.4 27.2 ± 0.9
a average of three runs with standard deviation.41
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2.4Photodechlorination of Pentachlorobenzene on Surfaces of
Silica-Alumina
In this study, irradiation of adsorbed pentachlorobenzene on the surfaces
of silica-alumina has been carried out.In using organo-clay experiments,
pentachlorobenzene molecules are adsorbed on the surface causing restricted
mobility and diffusion. This results in major deviations from reaction pathways
compared to those postulated for homogeneous solutions.In order to examine
whether the cage effect is also involved on other nonreactive solid surfaces, the
silica-alumina surfaces were investigated.Table 9 shows TCB regioisomer
distributions from irradiation and subsequent dechlorination of adsorbed
pentachlorobenzene on silica-alumina surfaces. The regiochemistry of
dechlorination was not affected by adding TEA and gave the same
regiochemistry as in the organo-clay experiments.Table 9. Tetrachlorobenzene regioisomer distribution from Irradiation of Absorbed
Pentachlorobenzene on Surface of silica-Alumina
Percentage Ratio of Products a
ArCI [M] Silica-Alumina TEA [M] 2 3 4
0.0067 1 g no 79.0 13.6 7.4
0.0067 1 g 0.0056 63.1 26.1 10.8
a one run experiment43
2.5Summary and Conclusions
Photodechlorination of pentachlorobenzene in aqueous organo-clay has
been studied in the absence and presence of triethylamine (TEA) using a sun
lamp. The regiochemistries are significantly different when compared to those
observed in homogeneous solution. The photolysis of pentachlorobenzene in
CTA-clay with and without TEA gave 1,2,3,5-tetrachlorobenzene (2) as the
major product. The addition of an electron donor species, such as triethylamine
(TEA), increases the yield, but does not switch the dominant product to 1,2,4,5-
tetrachlorobenzene (3) as expected. The proposed mechanisms involve
fragmention of an aryl chloride radical anion in ion pair (ArCI- ArCl +) within a
cage to give chloride ion, aryl radical, and aryl radical cation without TEA and to
produce chloride ion, aryl radical, and triethylamine radical cation in a cage in
the presence of TEA. Then the aryl radical undergoes reaction to the
tetrachlorobenzenes though cage escape, followed by hydrogen abstraction
from CTAB.
Another substrate surface was also investigated by using the short chain
lengthoftetramethylammoniumbromide(TMAB)toprepare
tetramethylammonium clay (TMA-clay). The photolysis of pentachlorobenzene
in TMA-clay with and without TEA resulted in the same major product of 1,2,3,5
TCB for the dechlorinated product as in the previous study. However, the ratios
of minor products were significantly different from CTA-clay experiment
suggesting that the product determining intermediate might be an ion triple in
TMA-clay and a separated ion in CTA-clay due to differences in chain length.
The TCB yields with and without TEA were lower than the yield in CTA-clay.
This implies that the chain lengths play a important role in photoproduct yield.44
It is felt that these photochemical reactions on clay surfaces involve a
cage effect which is enhanced by the limited diffusion possible in such
circumstances. These findings may allow for the design of new procedures for
toxic waste disposal utilizing sunlight.3. EXPERIMENTAL SECTION
3.1Materials
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1.Pentachlorobenzene: commercial pentachlorobenzene (Aldrich)was
dissolved in boiling 95% ethanol, filtered, and recrystallized overnight. Crystals
were collected and driedin the air. The purity was checked bygas
chromatography and was greater than 99.9%.
2.1,2,4,5-Tetrachlorobenzene: commercial TCB (Aldrich, 98%)was
dissolved in 95% ethanol and recrystallized at room temperature. Crystalswere
collected, washed three times with cold ethanol, and dried in a dessicator
overnight. The same procedure was applied to the other isomers.
3.Hexadexyltrimethylammonium bromide (CTAB): commercial CTAB
(Aldrich, 95%) was dissolved in boiling 95% ethanol, filtered, and recrystallized
overnight. Crystals were collected and air dried.
4. Triethylamine: commercial triethylamine (Reagent grade, Baker) was
stored over KOH pellets for a day. To the decanted liquid was added a 1 g of
CaH2. The liquid was then distilled.
5.Montmorillonite K 10: commercial Montmorillonite K 10 was obtained
from Aldrich Chemical. The surface area supplied by Aldrich is 220-270 m2/g.
The pore volume and the bulk density are 0.0023 mUg and 300-370 g/L,
respectively.
6.Silica-Alumina: commercial silica-alumina catalyst support (Lot No.
01005BF) was obtained from Aldrich Chemical. The average surface area is 47546
m2/g. The pore volume and the average particle sizesare 0.77 mUg and 67 ilm,
respectively. The silica-alumina powder was activated by heating beforeuse.
7.Hectorite (SHCa-1), kaolinite (KGa-1), and montmorillonite (SAz-1)
were obtained from Dept of Geology, University of Missouri, Columbia. Bentonite
(Korthix H) was obtained from the Kaopolite, Inc. (New Jersey).
3. 2Determination of Cation Exchange Capacity
Ammoniumsaturated clays were prepared by adding 100 ml of 1 N
NH4OAc (adjusted to pH 7 with acetic acid or ammonium hydroxide) to 10g of
clay followed by shaking 30 min and centrifuging 30 min at 3000 RPM. After the
supernatant had been decanted and discarded, the process was repeated twice.
Excess ammonium salts were removed by washing the clay sample with 100 ml
of isopropyl alcohol, followed by shaking and centrifugation. Then the claywas
dried in the air for two days. Alcohol is used for washing to prevent the exchange
of ammonium ions for hydrogen ions.
An Orion Model 95-10 gas-sensing ammonia "electrode" was used for
determination of ammonium ion (as ammonia). The electrode was calibrated
with standard solutions of NH4CI (0.10, 0.25, 0.50, 0.75, 5.00, and 10.0 mM),
which were prepared by serial dilution of the 10.0 mM solution. The electrode
was placed in 10 ml of standard solution, 0.50 ml of 10 M NaOH was added, and
stirring was started. Usually the electrode displayed a stable potential after three
to five minutes.This procedure was repeated for all the standard solutions,
begining with the most dilute and proceeding to the most concentrated. The
potential of the ammonia electrode was plotted against logarithm of the original
ammonium chloride concentration.47
For the determination of the CEC, a 100 mg sample of air-dried,
ammonium-saturated clay was weighed out and transferred to a beaker
containing a Teflon-covered stirring bar. Then 100 ml of distilled water and 0.50
ml of 10 M NaOH were added while the stirring bar was spinning. The electrode
potential readings were recorded, and the sample concentrations were
determined from the calibration curves.
3.3Photolysis of Pentachlorobenzene in Aqueous Organo-Clay
Preparation of CTA-Clay. To each of six centrifuge tubes was added 1.0 g
of montmorillonite K 10 in the K+ form, as received. Then different amounts of
CTAB (0 g, 0.050 g, 0.075 g, 0.100 g, 0.125 g, and 0.150 g) were added to each
tube, followed by 30 ml of distilled water. The greatest amount of the CTAB,
(0.150 g in 30 ml water) is equivalent to a concentration of 0.4 mM, which is still
below the CEC for the montmorillonite k 10. The tubes were shaken for 30
minutes and then centrifuged for 30 minutes at 3000 RPM. The supernatant was
removed and distilled water was added. These last two steps were repeated until
no AgBr precipitate could be seen when the supernatant was tested with 0.1 M
AgNO3. Then the samples were dried in the air overnight.
Addition of Pentachlorobenzene. The six samples of clay treated with
different amounts of CTAB were transferred to empty Pyrex tubes. To each tube
was then added 0.050 g of solid pentachlorobenzene and then 30 ml of distilled
water. The tubes were capped, leaving about 10 ml headspace, and mixed by
rotation for a day.It is unknown whether the pentachlorobenzene became
uniformly distributed in the CTAB-clay during this mixing time. The concentration
of pentachlorobenzene (0.050 g in 30.0 ml) in these vessels is equivalent to 6.7
mM; the solubility of pentachlorobenzene in water is 11 RM.63 Thus, the transport48
process from the solid pentachlorobenzene to the water to the CTA-clay could be
very slow. An alternative method of delivering the pentachlorobenzene would
have been to "plate" the pentachlorobenzene on the sides of the vessel before
the water or the clay was added; in this method, pentachlorobenzene is addedto
the vessel in a volatile solvent, and the vessel is rotated while the volatile solvent
evaporates.
Photolysis. The slurries prepared as described above were photolyzed by
a 275 W Sylvania sun lamp for 76 hours in a photobox which contains a fan to
maintain the correct temperature (25 0C) during the irradiation anda motor to
rotate the samples so that each sample receives the same amount of light.
Analysis.After photolysis, the CTA-clay was filtered from theaqueous
medium through a 0.2 jtm cellulose acetate millipore membrane filter. The filter
cake was allowed to air dry for 1.5 days.The polychlorobenzenes were
extracted from the filter cake with methylene chloride in a Soxhlet extractor
overnight. The dichloromethane was evaporated away, and the samplewas
redissolved inacetonitrile. Hexadecane was added at this point as an internal
standard for the GLC determination of amount of the tetrachlorobenzenes.
Then the amounts of the isomers were determined by GLC on a Varian
3300 capillary gas chromatograph equipped with a 30 m x 0.25 mm Alltech
carbowax capillary column, an FID, and a Varian 4290 integrator. The initial
column temperature was 50 00, and was programmed to increase at 6 °C per
minute to 120 °C, hold 10 minutes at 120 °C, then increase by 15 °C per minute
to 222 °C. The injector temperature was 220 °C and the detector was at 250 °C.49
3.4Experiment of the effect of clay surface on the regiochemistry
without photolysis
Preparation of CTA-Clay. To a centrifuge tube was added 1.0 g of
montmorillonite K 10 in the K+ form, as received. Then 0.16 g of CTAB was
added to tube, followed by 30 ml of distilled water. The tube was shaken for 30
minutes and then centrifuged for 30 minutes at 3000 RPM. The supernatant was
removed and distilled water was added. These last two steps were repeated.
Then the samples were dried in the air overnight.
Addition of three TCB. The clay treated with CTAB was transferred to
empty Pyrex tubes. To each tube was then added 0.006 g of each of the three
tetrachlorobenzenes and then 30 ml of distilled water. The tube was capped,
leaving about 10 ml headspace, and mixed by rotation for a day.It is unknown
whether the tetrachlorobenzenes became uniformly distributed in the CTAB-clay
during this mixing time.
Rotation. The slurry prepared as described above was rotated for 24
hours without irradiation in a photobox.
Analysis.After rotation, the CTA-clay was filtered from the aqueous
medium through a 0.2 pm cellulose acetate millipore membrane filter. The filter
cake was allowed to air dry for 1.5 days. The three tetrachlorobenzenes were
extracted from the filter cake with methylene chloride without using a Soxhlet
extractor. The dichloromethane was evaporated away, and the sample was
redissolved in acetonitrile. Then the amounts of the isomers were determined by
GLC on a Varian 3300 capillary gas chromatograph equipped with a 30 m x 0.2550
mm AI (tech carbowax capillary column, an FID, and a Varian 4290 integrator.
The initial column temperature was 50 OC, and was programmed to increaseat 6
°C per minute to 120 °C, hold 10 minutes at 120 °C, then increase by 15 °Cper
minute to 222 °C. The injector temperature was 220 °C and the detectorwas at
250 °C. The GC analysis resulted in almost the same ratios (2:3:4= 33.2% ±
1.5, 31.7% ± 0.9, 35.1% ± 0.6) of the three tetrachlorobenzene isomers compared
to starting ratios (33% of each).
3. 5Photolysis of Pentachlorobenzene on the Surface of Silica-Alumina
The silica-alumina catalyst powder was activated by heating for 24 hours
at 200 °C.After this treatment, the powder sample was cooled toroom
temperature. To a 1.0 g portion of the silica-alumina powder was added a few
drops of dichloromethane containing 0.05 g of pentachlorobenzene.The
dichloromethane was allowed to evaporate at room temperature. Then the
pentachlorobenzene treated powder was added to 30 ml of distilled water.It is
doubtful that the pentachlorobenzene became uniformly distributedover the
surface of the silica-alumina catalyst support during this treatment; it is more
likely that a substantial fraction remained as a solid particles deposited when the
dichloromethane evaporated.
After the mixtures were completely dried, they were photolyzed by a 275
W Sylvania sun lamp in the photobox. The rest of the procedure was the same
as the previous aqueous organo-clay experiment.51
3. 6Photolysis of Pentachlorobenzene in TMA-Clay
Preparation of TMA-clay. To each of three centrifuge tubes was added
1.0 g of montmorillonite K10 in the K+ form, as received. Then different amounts
of TMAB (0.02 g, 0.04 g, and 0.06 g) were added to each tube, followed by 30 ml
of distilled water. The greatest amount of TMAB, 0.060 g in 30 ml water, is
readily soluble. Then the procedure described for the CTA-clay was followed.52
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